The importance of microstructured parts and extrudates is rising because of the increasing functional integration in many different fields of application, for example in the automotive industry and medical technology. Variothermal extrusion embossing is a continuous process that combines plastic film production with the application of large-area microstructures. The process utilizes an embossing roll and an external heating device to continuously imprint the desired structure into film during extrusion. Through this microstructuring, it is possible to integrate innovative functions into a film. Present efforts are focused on forming optical structures (micro-optics) on polycarbonate and poly(methylmethacrylate) films. This article deals with process control requirements that are necessary to successfully apply this technology, and also demonstrate how, through suitable process parameter selection, high-quality microstructures can be effectively embossed on the films. Different microstructures between 24 and 165 mm in height and between 100 and 200 mm in width are tested. With poly(methylmethacrylate) better microstructure reproduction could be achieved than with polycarbonate.
Introduction
Microstructures can influence surface properties in many ways and thus create functionalities that differ from the pristine material. Various such structures are known from nature and are increasingly used in technical products. Common examples are the lotus effect, which describes a water-repellent surface and is used, e.g. in facade construction, 1 the shark skin effect, which reduces flow resistance and is thus of great interest for aviation, 2 and the moth eye effect which changes the reflection and transmission of incident light. The latter can, for example, be used to increase the solar cell efficiency. 3 A further optical effect, which can be achieved by microstructuring, is the so-called brightness enhancement effect. By means of a targeted coupling-out of transmitted light through the structured film, this effect creates an angle-dependent intensity distribution. This can be used for parallelising the scattered radiation from diffuse light sources and thus increase the light intensity in a defined viewing range. Corresponding films are already used in displays and TV screens. 4 However, the widespread, extensive use of such microstructures on plastic products is still hindered by production-related difficulties and economic challenges in industrial-scale production though many production methods have been presented. [5] [6] [7] [8] In order to counteract this, IKV has been investigating variothermal extrusion embossing, a continuous film production process in which the primary extrusion step and the surface embossing are integrated in a single process. In previous studies, it was demonstrated that polyolefin films could be prepared with superhydrophobic surfaces using this production method. 9, 10 Variothermal extrusion embossing is a further development for flat film extrusion. An extruder provides a homogeneous plastic melt, which is formed in a flat film die ( Figure 1 ). The melt film is then deposited on a temperaturecontrolled roll whose surface has several microscopic cavities. These microcavities are a negative for the desired microstructure. The deposited hot melt is conveyed along the roll circumference into the embossing zone. Here, a line force is applied to the melt via a counter-pressure roll, which presses the melt into the microcavities. In this way, the microstructure is continuously transferred to the film.
A similar process has been described by Jiang et al. 11 though their roller was fabricated using dry film resist patterned by photolithography and laminated onto a copper roller. The embossing roll used here is a standard steel roller directly patterned by ultrashort pulse laser ablation. After embossing, the film remains in contact with the embossing roll, so that the microstructure solidifies properly within the cavities. At the haul-off point, the sufficiently cooled film with its microstructure separates from the roll. Subsequently, the film is processed in a conventional manner, for example by edge trimming and winding.
Different parameters influence the microstructure reproduction and the process stability. During the embossing process, the driving force is the pressure applied by the counter-pressure roll. The decisive process parameters are the melt viscosity, the embossing roll surface temperature and the roll rotational speed. The film removal angle, the embossing roll rotational speed, the plastic material behaviour and the film temperature are particularly important for removing the microstructure damage-free at the haul-off point. 10 Since the roll surface temperature influences the embossing as well as the removal process, the temperature profile along its circumference is particularly important. A conflict exists here, since high surface temperatures are desirable for the embossing in order to keep the molten plastic liquid and ensure completely filling the microstructures. For film removal, on the other hand, low temperatures are required to give the film the necessary stability.
One can use an additional heating device such as an electromagnetic inductor or a laser source to solve this conflict. The embossing roll is adjusted to a low base temperature via a conventional fluid cooling system. The external heating device is installed so that it heats the embossing roll surface directly before the melt contact. In this way, immediate melt solidification in contact with the embossing roll is prevented and the microcavities are filled. The additional heat introduced is sufficiently low that it can be removed quickly via the cooling fluid, thus permitting the roller surface to cool down sufficiently before reaching the haul-off point. This results in a temperature profile which is variable around the roll circumference. shows three temperature profiles versus the roll circumference for an instable, an inefficient and an efficient process.
In addition, the wrapping angle, the drawing speed and the melt bead formation in the embossing zone influences the reproduction quality. 12, 13 To achieve an optimal reproduction quality, all these influencing factors must be taken into account and the process suitably adapted. This investigation describes the further development of the variothermal extrusion embossing which allows reproducing optical microstructures with amorphous plastics. For this test series, we selected structures with a brightness enhancement effect. Each microstructure displays a distinct angular distribution of transmitted light, which defines its main optical functionality. Since the optical refraction of the microstructures is highly dependent on their geometry, highly accurate microstructure reproduction is necessary to achieve the desired functionality.
The findings previously obtained for reproducing superhydrophobic surfaces on polyolefin films 12, 13 are here applied to polycarbonate (PC) and poly(methylmethacrylate) (PMMA). These plastics are often used in optical applications, 14 but are characterised by a much more brittle material behaviour compared to the previously tested polyethylene (PE) and polypropylene (PP). This is a challenge to remove the microstructures free from damage. Our objective is to determine the effects of process and material parameters on the embossing process.
Furthermore, the microstructure geometry effects are investigated. For this purpose, various microstructures are applied to the embossing roll. Each structure has a periodic wave geometry with different flank angles, aspect ratios and cross-sectional areas. In addition to simple geometries, orthogonally superimposed wave structures are also tested. Figure 3 shows microstructure examples used on the roll surface. Table 1 summarizes the  dimensions. A structure's height is defined as the vertical distance between a peak (max) and valley (min). Its width is measured between two valleys and the cross-sectional area is calculated between these two points as is illustrated in Figure 4 . For superimposed wave structures, both the machine direction and the cross direction are surveyed.
Experimental Materials
We examined two PMMA grades and two PC grades. The PMMA grades are Plexiglas 6N and Plexiglas 7N from Evonik Performance Materials GmbH, Darmstadt, Germany. Both have good flow properties, high mechanical strength, high light transmission and very good weathering resistance. 15, 16 Plexiglas 6N has a lower melt viscosity compared to 7N and has a slightly lower heat resistance.
The PC grades are Lexan 172L and Lexan Ex 1632t from SABIC Innovative Plastics, Sittard, Netherlands. Like the PMMA types, they have a high light transmission, good mechanical properties and very good heat resistance. 17, 18 Lexan 172L is a multi-purpose grade with a lower shear viscosity than Ex 1632t, which is mainly intended for extrusion. ) 1350 2300 5000 Figure 5 plots the shear viscosities for both PC and PMMA grades. All measurements were done with a high-pressure capillary rheometer type Rheograph 6000 from GÖ TTFERT Werkstoff-Pru¨fmaschinen GmbH, Germany. The shear viscosities shown here are measured at the temperatures each material is processed during the experiments. The shear rate encompasses typical shear rates the material experiences during extrusion with the laboratory extruder. The PC grades show nearly constant shear viscosity up to 250 s À1 and then start to exhibit shear-thinning. The PMMA grades show only shear-thinning behaviour in these tests.
For the extrusion embossing on the laboratory scale, most processing occurs at shear rates between 500 s À1 and 1000 s
À1
. In this range, Plexiglas 6N has a lower shear viscosity than the other tested materials while Plexiglas 7N and Lexan 172L behave similarly. These differences and similarities can indicate the possibilities for a high-quality microstructure reproduction as the low-viscosity melts should be more easily able to fill the microcavities. Separate tests are carried out for the individual materials. Since many parameters have been identified for the reproduction quality and since their simultaneous examination is very complex, only a few parameters were studied. In this case, first a process stability window is established in which stable films without macroscopic defects are obtained. Each processing window is characterised by minimum and maximum embossing roll base temperature, the delivered inductor power and the applied embossing pressure. Throughput and haul-off speed are kept constant.
Experiments
After a processing window is identified, a process optimisation is performed. For this purpose, the roll's base temperature, the inductor power and the embossing pressure are systematically varied over several iterations until the process point is found at which the best quality reproduction is achieved.
Confocal laser scanning microscopy
The reproduction quality evaluation is performed with confocal laser microscopy images. With a laser scanning microscope of the VK-X200 type, Keyence Deutschland GmbH, Neu-Isenburg, Germany, three-dimensional film surface images are generated and measured with the associated analysis software from Keyence GmbH. In this way, the heights, widths and cross-sectional areas of the embossed microstructures can be determined. As an example, Figure 6 shows, for structure 1, how the embossed structure dimensions changed in Plexiglas 7N versus the inductor power.
The replication quality is evaluated by comparing the cavity dimensions with the embossed structures. The reproduction factor f rep is introduced as a comparison variable. It is the product of the ratios between reproduced and original structural features (height h, width b, area A) of the microstructure.
A reproduction factor near 1 represents a high-quality overall reproduction. However, the individual quotients are also relevant for a more precise evaluation, since these assess the individual structural feature reproduction.
Results and discussion
Although both PMMA and PC are hard and brittle, both can be successfully embossed. The reproduction qualities vary between the structures and materials. By optimising the process parameters for PMMA, the reproduction quality can be increased. However, a complete reproduction is not achieved for all the structures considered. Therefore, we conclude that the cavity dimensions greatly influence the maximum achievable quality. Nine different microstructures were investigated. They represent a broad spectrum of structural features. Among other things, their orientation with respect to the extrusion direction (parallel or perpendicular thereto) also varies. Below, the PMMA experimental results, in which optimisation has already been carried out, are presented and the observations from the first tests for the process window evaluation for the PC extrusion embossing are discussed. The analysis is limited to the three microstructures shown above. These show, as an example, the differences which can be observed during embossing versus geometric parameters and structure orientation.
PMMA
The two PMMA grades Plexiglas 6N and 7N test results agree with the findings obtained for the polyolefin processing in the variothermal extrusion embossing: 19 A high embossing roll base temperature (75 C) and a properly adjusted inductor (3.5-5.0 kW) positively affect the reproduction quality. The best results can be achieved in connection with an increased embossing pressure. However, replicating the long vertical flow paths of the third structure (steep waves/mountains) is difficult. In general, the higher viscous Plexiglas 7N can be processed better and has a larger processing window than Plexiglas 6N. The higher melt stability of 7N, which prevents a melt fissure in a broader temperature spectrum, is decisive here. This in turn allows for a wider choice of process parameters to find the optimal settings. On the other hand, the increased viscosity hinders filling the microcavities.
In some cases, flattened areas can be observed in the microstructures. Here the embossing process not only created the microstructures, but also deformed the underlying film. By reducing the melt temperature, this effect can be countered, which suggests that the increased plastic film viscosity imparts the necessary stability to resist the embossing forces. At the same time, the melt can continue to flow sufficiently through the highly heated roller surface in order to allow the microstructures to be embossed. The range between the point where film deformation occurs and the point where the melt viscosity becomes too high to remove the film from the cavity restricts the processing window with respect to viscosity.
By iteratively adjusting the process parameters, such as inductor power, roll base temperature and embossing pressure, the reproduction quality is optimised. Figure 7 shows microscopy images for structure 3 and how increasing these parameters affects reproduction performance for Plexiglas 7N. With a reproduction factor f rep close to 1, an excellent impression has been achieved here.
Similarly, optimised process parameters can be found for the other two microstructures. These parameter values, however, do not agree with those determined for other structures. Therefore, there is no global process optimum in which all the studied structures are reproduced very well. Instead, optimisation must be performed individually for each structure, in order to take into account, for example, the differences in the flow paths (structural height). A material change also requires a new optimisation. The optimal process point is required to achieve the highest average reproduction factor. Table 2 shows the optimised process parameters determined for the individual materials and structures where T mass is the melt processing temperature, T roll is the embossing roll's base temperature, P inductor is the additional heat introduced by the inductor and p emb is the embossing pressure. The reproduction factors f rep listed here are a 75 sample average.
Due to the many influencing factors and the interactions between material behaviour, structure geometry characteristics and process parameters, predicting the optimal process parameters is still very difficult.
PC
For the PC grades, the possible processing windows are determined first. For that, only the boundary conditions are determined within which a macroscopically error-free reproduction is obtained. An optimisation has not yet been carried out at this time. Table 3 summarises the determined process windows.
Various effects can also be observed in these test series: Of the three microstructures studied, structure 2 (orthogonally superimposed waves) is formed with the highest accuracy. The shape and depth of this structure appear to be advantageous for the reproduction. This can be clearly seen from the reproduction factors. Although differences occur depending on the process parameters, even the smallest reproduction factor observed in the process window in structure 2 is still higher than the best qualities achieved for the other structures. Table 4 lists the minimum, maximum and average reproduction factors observed in the determined process windows.
The fact that microcavities with low aspect ratios (height/width) such as structure 2 can be more easily filled and replicated is in accordance with previous investigations. 9 It is noticeable that the flatter cavities of structure 1 are not reproduced as well or even better than the other structures surveyed here. However, it must be reiterated that these results are only observed at the processing window boundaries. Therefore, one cannot extrapolate how good the reproduction quality will be, once the optimal process parameters for this structure and these materials are found. Another phenomenon which distorts the impression quality evaluation must also be considered: In some cases, embossed microstructures have larger heights or cross-sectional areas than the original structure. These defects can arise when the cavity wall friction is too high, so that the structure is stretched during removal. This results in higher, thinner structures on the film. If the melt has not yet fully solidified, a swelling or an uncontrolled flow in the structure may occur after removal from the microcavities, resulting in a larger cross-sectional area. In both cases, the ratios between the cavity dimensions and the embossed structure are greater than 1. Such a case can be seen in Table 4 for structure 2. For individual process points when using Lexan 172L, larger cross-sectional areas can be measured. This effect is also observed with other structures and parameter variations, but structure 2 seems particularly prone to this behaviour. Although the effect and possible causes are known, it is not yet possible to predict the occurrence or reliably prevent it. When comparing how the process parameters influence the different microstructures, complex interactions between the process parameters, the material behaviour and the microstructure geometry become evident. For example, increasing the roll base temperature increases the reproduction quality for structure 2 when Lexan Ex 1632t is used, while it decreases the quality when Lexan 172L is used (Table 5 ). This could be due to the different material melt viscosities. The highly viscous Ex 1632t benefits from the increased surface temperature due to increased flowability, while the less viscous 172L can flow back from the hotter cavities. This argument, however, is not supported by the observations with structures 1 and 3.
Similarly, contrasting observations can be made for all the investigated process parameters effects. While a higher embossing pressure improves the reproduction quality for structures 1 and 2 when Ex 1632t is used, it has almost no effect on structure 3. In extrusion embossing with 172L, it can even negatively affect the reproduction, depending on the structure. Therefore, one concludes that there are complex, non-linear interactions between the parameters which cannot be described fully by the 2 3 experimental plan used. Nevertheless, it is striking that Lexan 172L can be influenced more by the process parameters. This could point to a high potential for process optimisation, but must also be contrasted with a slightly smaller processing window. In further studies, a process parameter optimisation will take place and deeper insights into the interactions will be gained. 
Conclusion and outlook
The investigations have shown that reproducing microstructures by variothermal extrusion embossing is also possible on films made from the amorphous plastics PMMA and PC. With a corresponding process parameter adjustment, reproduction qualities can be achieved that are very close to the original structures in the roll surface. In general, the knowledge for the variothermal extrusion embossing of polyolefins can be transferred: For example, the same trends are observed in the process and geometry parameter effects. However, here also complex, previously unrecognised interactions are present, so that no clear rules can be derived yet. As a consequence, extensive, iterative test series are still necessary in order to find the process optimum for a given microstructure-material combination. Furthermore, effects and phenomena are observed, the causes of which are not yet conclusively clarified, and for which no counter-measures have yet been found. These effects include the cross-sectional microstructure enlargement beyond the original structure dimensions. Further investigations will be made to determine the process parameter interactions. The aim is to determine the relationships between the material characteristics, the structural geometry and the achievable impression accuracies in order to significantly reduce the optimisation effort in the future.
Additionally, the angular distribution of light transmitted through the film samples is to be analysed in detail. The distinct theoretical angular distributions, which are determined by the microstructures' geometry will be compared to the distribution displayed by the embossed samples to evaluate the successful reproduction of the desired effect. 
